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Abstract 

In this article, we take the point of view that the 0“*"^ nonet mesons be¬ 
low IGeU are diquark-antidiquark states {qq) 3 {qq) 3 , and devote to determine 
their masses in the framework of the QCD sum rules approach with the in¬ 
terpolating currents constructed from scalar-scalar type and pseudoscalar- 
pseudoscalar type diquark pairs respectively. The numerical results indicate 
that the O"*"*' nonet mesons may have two possible diquark-antidiquark sub¬ 
structures. 
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1 Introduction 

The light flavor scalar mesons present a remarkable exception for the constituent 
quark model and the structures of those mesons have not been unambiguously de¬ 
termined yet P] . Experimentally, the strong overlaps with each other and the broad 
widths ( for the /o(980), ao(980) et al, the widths are comparatively narrow) make 
their spectra cannot be approximated by the Breit-Wigner formula. The numerous 
candidates with the same quantum numbers below 2GeV can not be 

accommodated in one qq nonet, some are supposed to be glueballs, molecules and 
multiquark states laEiEiisiini. There maybe different dynamics dominating the 
mesons below and above IGeV which results in two scalar nonets below 1.7GeU. 
The attractive interactions of one-gluon exchange favor the formation of diquarks in 
color antitriplet 3c, flavor antitriplet 3/ and spin singlet 1^. The strong attractions 
between the states {qq)^ and {qq )3 in S'-wave may result in a nonet manifested below 
IGeV while the conventional QQ nonet would have masses about 1.2 — 1.6GeU. 
In the same energy region, there are two well established siblings ^Pi and ^P 2 qq 
nonets with and 2~^~^ respectively. Furthermore, there are enough can¬ 

didates for the ^Pq qq nonet mesons , ao(1450), /o(1370), iP*(1430), /o(1500) and 
/o(irio) UU- 

Taking the diquarks and antidiquarks as the basic constituents, keeping the 
effects of the s quark mass at the hrst order, the two isoscalars udud and ss 

^Corresponding author; E-mail,wangzgyiti@yahoo.com.cn. 


1 




mix ideally, the 55 “^^ degenerate with the isovectors ssdu, and ssud 

naturally. Comparing with the traditional qq nonet mesons, the mass spectrum is 
inverted. The lightest state is the non-strange isosinglet {udud), the heaviest are 
the degenerate isosinglet and isovectors with hidden ss pairs while the four strange 
states he in between 13 E]- The broad isosinglet S'-wave tttt resonance near 600MeV 
can be signed to be the /o(600) or a meson with quark constituent udud. The well 
established isoscalar /o(980) and isovector ao_(980) mesons which lie just below the 
KK threshold have quark constituents ss and ss respectively in the four- 
quark model. The four light isospin-^ Kti resonances near 800Meld, known as the 
fi:(800) mesons, have not been conformed yet, there are still controversy about their 
existence j7]- 

In this article, we take the point of view that the scalar nonet mesons 
below IGeV are four-quark states {qq)i[qq )3 fhe ideal mixing limit, and devote 
to determine the values of their masses in the framework of the QCD sum rules 
approach iHiEiiiniini. 

The article is arranged as follows: in section II, we obtain the QCD sum rules 
for the masses of the O’*"’*' nonet mesons; in section III, numerical results; section IV 
is reserved for conclusion. 


2 Masses of the nonet mesons with the QCD 
Sum Rules 


In the four-quark models, the structures of the scalar nonet mesons in the ideal 
mixing limit can be symbolically taken as 1313 El 


(j(600) = udud, /o(980) = 


usus -|- dsds 

71 ’ 


, , , n / s USUS — dsds I , X V 

Oq (980) = dsus, 00(980) =- -= -, Og (980) = usds, 

V 2 

^■*“(800) = udds, k°(800) = udus, k°(800) = usud, k“(800) = dsud. 


The four-quark configurations of the = O^^ mesons can give a lot of satisfactory 
descriptions of the hadron phenomenon, for example, the mass degeneracy of the 
/o(980) and ao(980) mesons, the mass hierarchy pattern of the scalar nonet, the 
large radiative widths of the /o(980) and ag(980) mesons, the D+ to 7 r’'' 7 r+ 7 r“ and 
Df{cs) to 7 r’'' 7 r+ 7 r“ decays. 

In the following, we write down the interpolating currents for the scalar nonet 
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mesons below IGeV based on the four-quark model pcniiii], 


■Go 

^abc^ade 

y/2 + (c^rC'75Sc)(dd75C'sf)] , 

(1) 


^abc^ade 


■Go 

^ {udCsi ) -f {di Csc) {ddCsi )J , 

(2) 


^abc^ade 


jA 

“o 

^ Cj^Sc) {udGCsi ) {di CyssJ {dd^Csi )J , 

(3) 


^abc^ade 


“o 

^ [iuiCsc){udCsi) {diCsc){ddCsi)\, 

(4) 



(5) 

J^+ 

% 

= e^^^e^^\ulCs,)[ddC^l), 

(6) 

jA 

-'k+ 

= e“'A“‘'^(u^C'75de)(dd75C'kf), 

(7) 

^K+ 

= e<^^^e^^%ulCd,){ddCsl), 

(8) 

A 

•JkO 


(9) 


= e^^'^e^^\ulCd,){udCil), 

(10) 


= e-^-e^^%ulC^^d,){udi^CdF^), 

(11) 


= e^^^e^‘^\ulCd,){udCdF,), 

(12) 


where a, 6, c, ... are color indices and C is the charge conjugation matrix. The 
constituents S'“(x) = e°‘^'^ul{x)C'y 5 dc{x), e°'’^^ul{x)C'y 5 Sc{x), e°'’^^dl{x)C'y 5 Sc{x) and 
P°‘{x) = {x)Cdc{x), {x)Csc{x), e°‘^'^dl{x)Csc{x) represent the scalar = 

O’*" and the pseudoscalar = 0“ diquarks respectively. They both belong to the 
antitriplet 3 representation of the color SU{3) group and can cluster together to 
form 5“ — 5“ type and P“ — type diquarks pairs to give the correct spin and par¬ 
ity for the scalar mesons . The scalar diquarks correspond to the states 

of ud, us and ds diquark systems. The one-gluon exchange force and the instanton 
induced force can lead to signihcant attractions between the quarks in the O’*" chan¬ 
nels |I2|. The pseudoscalar diquarks do not have nonrelativistic limit, can be taken 
as the ^Po states. As the instanton induced force results in strong attractions in the 
scalar diquark channel and strong repulsions in the pseudoscalar diquark channel, if 
the effects of the instanton are manifested in the nonet mesons, we shall prefer 
the S°' — S°' type interpolating currents to the P“ — P“ type interpolating currents 

da [IE!. 

The calculation of the ao(980) meson as a four-quark state in the QCD sum 
rules approach was done originally for the decay constant and the hadronic coupling 
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constants with the interpolating cnrrents and 


71 

'^/o(«o) 

72 


Sr=i,±')/5 sir's 

Sr=i,±75 


uTu^dVd 

72 


A“ uV^u±dT^d 
sh—s ^ 

2 72 


( 13 ) 


where the A“ is the SU{3) Gell-Mann matrix. Perform Fierz transformation both in 
the Dirac spinor and color space, for example, we can obtain 


J% (X + Cb7| ■ ■ ■ . 

Ja, « CaJ^, + CbJZ---■ ( 14 ) 


Here Ca and Cb are coefficients which are not shown explicitly for simplicity. In 
the color snpercondnctivity theory, the one-glnon exchange indnced Nambn-Jona- 
Lasinio like Models will also lead to the S°' — 3°" type and type diqnark 

pairs cni, 

W7My? oc CaS^S^ + GbP“P“ + ■ ■ ■ ■ (15) 

So we can take the point of view that the lowest lying scalar mesons are S'-wave 
bonnd states of diqnark-antidiqnark pairs of S'® — S'® type and P“ — P“ type. 

In this article, we investigate the masses of the scalar nonet mesons with two 
interpolating cnrrents respectively and choose the following two-point correlation 
fnnctions. 


nyp) =i d'x e-» 70 |T|JJ(i)Jj'( 0 )]| 0 ). 


(16) 


Here the cnrrent Jg denotes J^, 


7o’ 


jA 




jA jB jA jB jA jB j 

^ -h 5 ^ -h 1 ^.^ 4 - 1 ^ .^ 4 -•! ^ ...Cl •! ^ ...Cl 


rj+ ? 
^0 


<c+ ’ 


+ ? 


1,0 ) 


1,0 1 


and . According to the basic assnmption of cnrrent-hadron dnality in the QCD 
sum rules approach [S], we insert a complete series of intermediate states satisfying 
the unitarity principle with the same quantum numbers as the current operator 
Js{x) into the correlation functions in Eq.(16) to obtain the hadronic representation. 
Isolating the ground state contributions from the pole terms of the nonet mesons, 
we get the result. 


hMp) 


2 /fmf 

rrdg — 


+ ■ • ■ , 


where the following definitions have been used. 


(17) 


{ 0 | 4 |S) = . 


(18) 


^There is also other work based on the four-quark model with QCD sum rules m, however, it 
is not available in NCEPU. 
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We have not shown the contributions from the higher resonances and continuum 
states explicitly for simplicity. 

The calculation of operator product expansion in the deep Euclidean space-time 
region is straightforward and tedious, technical details are neglected for simplicity. 
In this article, we consider the vacuum condensates up to dimension six. Once the 
analytical results are obtained, then we can take the current-hadron dualities below 
the thresholds Sq and perform the Borel transformation with respect to the variable 
hnally we obtain the following sum rules. 


-i 

= AA, 


'/o(ao)^/o(ao)^ 

pA2 


.S2 

“ m 2 = BB, 


0) 

2 O)<(.0)e-^ = OO, 
= DD, 

m'42 

2ffmfe-^ = EE, 

B2 

= EE, 


(19) 

( 20 ) 
( 21 ) 
( 22 ) 

(23) 

(24) 


AA 

BB 

CC 

DD 

EE 

EE 


r‘50 


dse~ 


' 4mi 


I— 

\295! 


+ 


ss){qq)s ?>{qgsCrGq) - {sQsaGs) 


+ 


TT” 


2{qq) - {ss) 


2637r4 


msS -h 


127r2 

^2 ,a,GG 


2637r4 


-m.s 


2^371^ ' TT 


> . 


(25) 


f^SQ 


dse 


' 4m? 


+ 


ss){qq)s 3{qgs(jGq) + {sgsaGs) 


2{qq) + (ss) 


2637r4 


295!7r6 127r2 

2 ,asGG 

m.s — 


2937r4' TT 


+ 


> . 


2637r4 


-irisS 


(26) 


f^SQ 


dse 


2{qq) - (ss) ^ s 

-rrisS -h 


295!7r6 
2 


+ 


(qq)"^ + {ss){qq) 3{qgs(TGq) - (sg.aGs) 


247r2 

2 ,a,GG 


-s + 


2737r4 


-m.s 


2^71^ 


2^371^ 


TT 


> . 


r’SQ 


dse 


+ 


{qqf + {ss){qq) 3{qgsaGq) + (sg.aGs) 


2{qq) + (ss) 


2737r4 


295!7r6 247r2 

2 ,asGG 

-m.s — 


-s -|- 


2737r4 


PSO 


dse 


2^371 ^' 


TT 


> . 


+ 


{qq) 


s + 


295!7r6 127r2 2 ^^ 371 ^' vr 


asGG 

i- -) 


r‘50 


dse 


+ 


{qq? 


295!7r6 127r2 2937r4' tt 


^ctgGG 


(27) 

-rUsS 

( 28 ) 

( 29 ) 

( 30 ) 
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here we have taken the same notation sq for the threshold parameters ’ '®k+(«; 0 ) 

and Differentiate the above sum rules with respect to the variable then 
eliminate the quantities , /^+(^o) , /f+(«o), fa and /^, we obtain 


^/o(ao) 


^/o(ao) 


^k+{kO) 


^k+{kO) 


'■so 


dse 


' 4m? 


295!7r6 


, {ss){qq)s^ , 3{qgs(TGq) - {sgs(TGs) _ 

\ r-^ r, “T TTlfiS 


127r2 


2637r4 


2{qq) - {ss) 


2637r4 


TTlsS + 




r*5o 


dse 


' 4m? 


2937r4' TT 

, {ss){qq)s‘^ , 3(g5(^aGg) + (s 5 (sO-Gs)_ ^2 

“r -.^0 “r A TTle-S 


( 31 ) 


2{qq} + (ss) 3 

-nisS 


295!7r6 127r2 

-3 


2637r4 


2637r4 


2937r4' TT 


(^) /sBi?, 


(32) 


'•so 


dse 


295!7r6 


+ 


(<?<?)^ + {ss){qq) 2 , ‘^{(igsCrGq) - (sgsCrGs) 


2{qq) - (ss) 


2737r4 


rUsS + 


247r2 

=3 ,a,GG 


-s" + 


2'^3n^ 


m.s 


2^3n ^' 71 


/GG, 


(33) 


r-So 


dse~ 


295!7r6 


(gg)^ + (ss)(gg) 2 , 3(gg,aGg) + (sg.aGs) 2 
H-;r—-s H- 3 - m.,s 


2{qq) + (ss) 


247r2 

,a,GG 


2737r4 


2737r4 


= 


= 


••so 


dse" 


■m.,s — 

.5 


2937r4 ' TT 

2 


(gg)^' 2 -S' 


)|/^A 
3 a^GG, 


295!7r6 127r2 


2937r4' 71 


) /EE, 


-so 


dse 


+ Ms=- 


,a.GG, 


2^h\7i^ 127r2 


2937r4 


TT 


> /-Ff’- 


(34) 

(35) 

(36) 


It is easy to perform the s integral in Eqs. (25-36), we prefer this form for simplicity. 


3 Numerical Results 

In calculation, the parameters are taken as (ss) = 0.8 (mm), (sgsCrGs) = ml{ss), 
(qgsO'Gq) = ml{qq), ml = O.SGefo^, (mm) = (dd) = (gg) = (—219Mefo)^, = 

(0.33Gefo)^, = md = 0 and mg = 150Mefo. The main contributions to the 

sum rules come from the quark condensates terms (i.e. (gg) and (ss)), here we 
have taken the standard values and neglected the uncertainties, small variations of 
those condensates will not lead to large changes about the numerical values. The 
threshold parameters are taken as ~ “ 1.6)GeV^ , s°+(, 3 ,o) = (1-0 — 

1.2)Gefo^ and s)( = (0.8 — 1.0)Gefo^ to avoid possible contaminations from the 
higher resonances and continuum states. The widths of the /o(980) and ao(980) 
mesons are narrow, the threshold parameters = (1.4 — 1.6)Gefo^ are sufficient 

to include the contributions from those mesons. Although the existence of the a 
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meson is confirmed, there are still controversy about its mass and width, here we 
take the point of view that the a meson is the isosinglet S-wave htt resonance near 
GOOMeV and take the largest to be the KK threshold. As far as the fi:(800) 
mesons are concerned, there are still controversy about their existence, here we 
take them as the S'-wave isospin-1 Ktt resonance with the Breit-Wigner mass about 
SOOMeld and width about 400Meld, our numerical results support this assumption 
[B]. In the region = (1.2 — 3.0)Geld^, the sum rules for 

= m^o, 'iTT'a almost independent of the Borel parameter 

M^, the values of masses for those mesons are shown in Table 1. Due to the special 
quark constituents and Dirac structures of the interpolating currents, the /o(980) 
and ao(980) , the ^■'■(800) and fi:°(800) have degenerate masses respectively. For the 
S'® — S'® type interpolating currents J\, JA , JA and J^, the values for 

J 0 CLq CLq K, Kj o 

masses are about = (0.96 — 1.02)GeD, = m^o = (0.80 — 0.88)GeD 

and = (0.72 — 0.80)GeD, while for the P® — P® type interpolating currents 
Jf^ , J^, J^, , Jj, and J^, the values for masses are about = 

(0.95 - lM)GeV, m-^+ = m^o = (0.79 - 0.87)GeV and = (0.71 - 0.79)GeV. In 
this article, we take the ideal mixing limit for the two isoscalar mesons, the /o(980) 
and ct( 600). We can investigate the mixing with the following substitutions for the 
interpolating currents, 

—>• cosOJ^ — sinOJf^, —>• sindJ^ + cosOJf^, 

^ cos(pJ^ - sirupjf^ sirupcospijf^, (37) 


here 6 and (p are mixing angles. From above equations, we can obtain lower masses 
for the /o(980) meson and higher masses for the a(600) meson with small mixing 
angles, which will not potentially change our numerical results. There may be some 
qq components in those nonet scalar mesons, as the qq type interpolating currents 
can also give the correct spin and parity, = O’*". We can explore the mixing 
between the two quark and four quark components by introducing a free parameter 
t with mass dimension 3, which can vary between 0 and oo, for example. 




J^ + t 


uu + dd 


Ji 


J “l” tsu. 


(38) 


The analysis based on QCD sum rules approach indicates that the masses of the 
ground states of qq type interpolating currents are always larger than IGeV or about 
IGeV jT7j, small qq components will lead to slightly higher masses for those scalar 
mesons. In the limit f > cxo, we obtain the sum rules for the ground states of qq type 
interpolating currents. Although the values for masses md rn^o, rn\, mA, m\ 

JO ' CLq CIq ft ft 

and he a little above the corresponding masses mf, m^o, and 

^ JO ’ Qjq CLq ft 

, we can not get to the conclusion that the scalar nonet mesons prefer the S'® —5“ 
type interpolating currents , J^, J^+, J^+ , and to the P® — P“ type 
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interpolating currents J? , J^o, J^+, J^+ , J^o and Precise determination of what 

J 0 OiQ CLq ^ 

type interpolating currents we should choose calls for original theoretical approaches, 
the contributions from the direct instantons may do the work. In our recent work, 
we observe that the contributions from the direct instantons are neglectable for 
the pentaquark state ©■'■(1540) jTHj, however, the contributions from the direct 
instantons can improve the QCD sum rule greatly in some channels, for example, 
the nonperturbative contributions from the direct instantons to the conventional 
operator product expansion can signihcantly improve the stability of chirally odd 
nucleon sum rules US [20]. Despite whatever the interpolating currents may be, we 
observe that they can both give the correct mass hierarchy pattern of the scalar 
nonet mesons below IGeV, there must be some four-quark constituents in those 
mesons. 


Table 1: The values of the scalar nonet mesons 


<ofan) = (0-96- 1.02)GeD 

So = (1.4 - 1.6)G'eI/^ 

= (0-95 - im)GeV 

So = (1.4 - l.Q)GeV^ 

^n+(nO) = (0-80 - 0.88)G'eI/ 

So = (1.0 - 1.2)GeV'^ 

<+(,0, = (0.79 - 0.87)GeV' 

So = (1.0 - 1.2)GeV'^ 

= (0.72 - 0.80)GeV 

So = (0.8 - 1.0)GeV‘^ 

m" = (0.71 - 0.79)GeV 

So = (0.8 - 1.0)GeV‘^ 


4 Conclusions 

In this article, we take the point of view that the nonet mesons below IGeV are 
four-quark states {qq) 3 {qq )3 in the ideal mixing limit, and devote to determine the 
values of their masses in the framework of the QCD sum rules approach. Due 
to the special quark constituents and Dirac structures of the interpolating cur¬ 
rents, the /o(980) and ao(980) , the k+( 800) and fi:°(800) have degenerate masses 
respectively. For the 5“ — 5“ type interpolating currents , J^, J\, J\ , 

JO CLq CLq 

J^o and J^, the values for masses are about = (0.96 — 1.02)GeD, 

= m^o = (0.80 — 0.88)GeD and = (0.72 — 0.80)GeD, while for the 
type interpolating currents , J^, J^+, J^+ , and J^, the values for masses 

are about = (0.95 — 1.01)GeI/, = m^o = (0.79 — 0.87)GeD and 

= (0.71 — 0.79)GeI7. Although the values for masses mf, m^o, m\, 

m\ and lie a little above the corresponding masses , m^o, 

HO JO ' (1q CLq H- H 

and , we can not get to the conclusion that the scalar nonet mesons prefer the 
5'“ — 8°- type interpolating currents , J ^+, J^+ , J^o and to the P“ — P“ 

type interpolating currents J? , J^o, J^+, J?+ , <75 and J^. Despite whatever the 

JO fl-Q (2 q H rC 











interpolating currents may be, we observe that they can both give the correct mass 
hierarchy pattern of the scalar nonet, there must be some four-quark constituents 
in those mesons, our results support the four-quark model and the hybrid model. 
In the hybrid model, those mesons are four-quark states (<?(?)3 ( 55)3 in S'-wave near 
the center, with some constituent qq in P-wave, but further out they rearrange 
into {qq)i{qq)i states and finally as meson-meson states j3]. Precise determination 
of what type interpolating currents we should choose calls for original theoretical 
approaches, the contributions from the direct instantons may do the work. 
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